The commercial realization of lithium-sulfur (Li-S) batteries is obstructed because of rapid capacity fading due to lithium polysulfides (LiPSs) dissolution into the electrolyte. In order to enhance the efficiency and performance of the Li-S batteries, the transition metal dichalcogenides are reported as promising anchoring materials (AMs) as they could strongly adsorb and effectively suppress the migration of the polysulfides species. Herein, we used first-principles based density functional theory (DFT) calculations to investigate the interactions between AMs such as tungsten dichalcogenides, WX2 (X=S and Se) and the LiPSs. The LiPSs binding behavior of WS2 and WSe2 are found to be quite similar. The calculated adsorption energies of LiPS species indicate that the WX2 possesses moderate binding strength and the binding is facilitated via charge transfer from the polysulfides to the AM. We observe elongation of intramolecular Li-S bonds in LiPS upon their adsorption onto the WX2, however, chemical structures of LiPSs are preserved without decomposition. The calculated density of states indicates the LiPS adsorbed WX2 systems exhibits semiconducting behavior with a slightly lower bandgap compared to the pristine WX2. Overall, our simulation results provide detailed insight into the behavior of WX2 as AMs to suppress the LiPSs migration and henceforth paves the way towards the development of high-performance Li-S batteries.
Introduction
The ever-increasing energy demand for the electrification of transportation systems and large-scale storage for renewable energies triggered tremendous research thrust towards developing safe and high-performance rechargeable battery systems. The Li-ion batteries, ubiquitously used in portable electric systems, have insufficient capacity to meet the future energy demand. Alternative battery technology such as lithium-sulfur (Li-S) redox couples is considered as the most promising candidate for next-generation portable electronics and electric vehicles owing to its high energy density (2600 Whkg -1 ) and specific capacity (1675 mAh g -1 ). The theoretical energy density and capacity of sulfur cathodes are at least ten times greater than the widely used traditional transition metal oxide cathodes of Li-ion batteries. [1] [2] [3] [4] [5] [6] [7] The elemental sulfur is abundant in nature, non-toxic, and cheap; additionally, the lower cell potential of Li-S batteries offers safer operations. 8 In spite of all the advantages, the commercialization of Li-S batteries has not yet been possible because of several critical issues that adversely affect the cyclic reversibility and rate capability.
During the cell discharging process, the elemental sulfur reduces to convert to polysulfides and the dissolution of higher-order polysulfides (Li2Sn, n = 4,6, and 8) into the electrolyte creates shuttling between the electrodes. The further reduction of the larger polysulfides leads to lower-order polysulfides such as Li2S and Li2S2, which deposits and passivate the electrode surfaces. 7, 9, 10 The passivation layer increases cell resistance and causes active mass loss as such is responsible for poor cycling capability and rapid capacity fading. Additionally, significant volume changes of sulfur materials during charging and discharging causes pulverization and mechanical failure of the cathode material. 11, 12 The insulating nature of the elemental sulfur and lithium polysulfides (LiPSs) require to use conductive matrix as a current collector. Traditionally, carbon-based materials have been widely used because of their good electric conductivity and large surface areas. 5, 13 However, the apolar carbon host materials offer poor binding to polysulfides and exhibit limited performance towards polysulfides retention within the cathode material. Trapping of the polysulfides during the discharge process is a key factor to inhibit their further dissolution into the electrolyte. 2, 9, 14 Recently, research efforts have been expended to find anchoring materials (AMs) alternative to the carbon-based materials. The materials with polar characteristics and moderate binding strength with the LiPSs are desirable for the improved performance of the cathode. Modifications of carbon surface by introducing amphiphilic polymers, 15 using polar nanostructured AM such as polymers (polyaniline, polypyrole, PEDOT) [15] [16] [17] , metal oxides (TiO2, SiO2, Al2O3) [18] [19] [20] [21] [22] [23] [24] are reported to improve polysulfide interactions and to prevent their dissolution. Furthermore, the distinct layered structure and wide band gap (semiconductor) properties of transition metal dichalcogenides (TMDs) are found appealing for the various energy storage applications, 25 solar cells, [26] [27] [28] hydrogen evolution reactions. 26, [28] [29] [30] Ghazi et al. reported improved polysulfide retention in a MoS2/celgard composite cathode which exhibits a stable capacity of 400 mAhg -1 with columbic efficiency of 99% for 600 cycles. 31 A stable capacity of 900 mAhg -1 at a current rate of 0.2 C was observed for MoS2/SnO2 composite cathode. 32 Similar to the MoS2, other dichalcogenides such as WS2 has also been studied to realize its performance as AM. For example, Huang et al. studied the reaction mechanism of the LiPSs with the polar WS2 contained in the three dimensional reduced graphene oxide/carbon nanotube aerogel. 33 The WS2 was reported to provide good binding strength and catalytic activity for enhanced reaction kinetics of polysulfides conversions. 33 The edge sites of the WS2 and MoS2 are reported as electrocatalytically active sites for the reversible conversion of the LiPSs. 34 Moderate LiPSs adsorption behavior was also demonstrated for V2CS2 MXene. 39 Wang et al. conducted a detailed study on the anchoring behavior of various two-dimensional layered materials (oxides, sulfides, and chlorides) and delineated the mechanisms of LiPSs binding on the AMs. 22 The role of the structural defects on the AMs are also investigated. The defect sites cause strong binding of LiPSs due to an increased charge transfer between the AM and LiPSs. 39 Various transition metal (TM) oxides and sulfides, nitrogen, and metal doped graphene, boron doped graphidyn, and borophene are reported to provide improved adsorption kinetics of the polysulfides. [40] [41] [42] [43] It has also been illustrated as the balance between the affinity for and moderate reactivity to sulfur are essential for the effectiveness of AMs. 40 Such advancements yet lack a mechanistic understanding of the interactions between LiPSs and greatly promising 34, 35 dichalcogenides of tungsten WX2 (X=S and Se).
Herein, for the first time, we carry out first-principles calculations based on DFT to investigate the adsorption behavior of polysulfides with tungsten chalcogenides WX2 (X=S and Se). We calculate the binding energies of various LiPSs on the WX2 in order to obtain insights into the polysulfide retention capabilities of these materials. We observed the trend of the LiPSs adsorption behavior on WX2 is similar to the MoS2. 22 Our study illustrates that the WX2 provides moderate bindings to prevent polysulfides dissolution without chemical dissociations at the surfaces. We found that charge transfer from the polysulfides to the WX2 is a key factor that dictates the binding strength. Overall, these findings provide insight into a fundamental understanding of polysulfides chemistry on the WX2 surfaces to discern the experimentally reported superior performance of WX2 towards polysulfides suppression.
Calculation methods
We performed spin polarized plane wave DFT calculations using the VASP software package. 44 We used Projector Augmented Wave (PAW) pseudopotential to study the electron-ion interaction and Perdew-Bruke-Ernzerhof (PBE) functional with the Generalized Gradient Approximations (GGA) approximation to obtain the electron-electron exchange correlations. 45 We used Grimme's DFT-D2 method to account for the van der Waal interactions. 46 This treatment is essential to accurately evaluate the binding strength of the polysulfides with the AMs. The kinetic cutoff energy for the plane wave basis calculations was chosen to be 520 eV. The convergence criterion for self-consistent field calculations was used as The charger transfer during the LiPSs adsorption on the AM was studied using the Bader charge analysis 47 and the charge differences were calculated using the following expression Where radsorbed state, radsorbent, and rAM indicates the charge density of the AM with adsorbed LiPS (WX2-LiPS), isolated LiPS, and the AM, respectively. The charge density differences were visualized using the VESTA code. 47 
Results and Discussions
The lithium ions during cell discharge released from the anode diffuse through the electrolyte and reduces the sulfur cathode Figure 2 whereas the AMs retain the same structure even after adsorption. The Li atoms in LiPSs remain close to the AMs similar to the graphene, MoS2, 22 TiS2, 22 blue phosphorene, 49 and black phosphorene, 39 approximately four times smaller than the V2O5. 22 Our calculations reveal that the polysulfides formed with the increased lithiation exhibit higher binding energies except a slight anomalous binding behaviour of Li2S6. This observation is consistent with the previous reports on Li2S6 adsorption on various transition metal disulfides. 22 Interestingly, the trend in the binding energies with the increased lithiation is opposite to that of the graphene, as in graphene during lithiation the binding strength decreases. Overall, we found that the anchoring behaviour of WX2 is similar to MoS2, 22 and the behaviour is expected because of the chemical similarity between the Mo and W.
To further investigate the LiPSs bonding with the AMs, we calculate the smallest bond distance between the LiPSs, and the AMs and the data are presented in Table 1 . The shortest bond distance between the adsorbed S8 molecule and the WS2 and WSe2 are found as 3.53 Å and 3.64Å, respectively. The S8 maintained its puckered ring structure even after adsorption and the longer distance implies the absence of any chemical bonds. The obtained bond distance for S8 cluster is similar to that of other AMs such as blue phosphorene, 49 black phosphorene, 50 N-doped and amorphous graphene, 22, 42 Ti2Co2, 51 and C3B. 52 In LiPSs adsorbed structures, the bond distance between the Li in LiPSs and the S and Se in AMs decreases with the decrease in sulfur content in LiPSs. The trend in the increase of the shortest distance with the increment of S concentration in the LiPSs is correlated with the corresponding binding energies (see Table 1 ). We found that the adsorption of the LiPSs on the AMs causes an increase in the intramolecular Li-S bond length and this increase manifests stronger 
Conclusion
In summary, we used density 
